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Autophagy is a fundamental biological process of the
eukaryotic cell contributing to diverse cellular and
physiological functions including cell-autonomous
defense against intracellular pathogens. Here, we
screened the Rab family of membrane trafficking
regulators for effects on autophagic elimination of
Mycobacterium tuberculosis var. bovis BCG and
found that Rab8b and its downstream interacting
partner, innate immunity regulator TBK-1, are re-
quired for autophagic elimination of mycobacteria
in macrophages. TBK-1 was necessary for autopha-
gic maturation. TBK-1 coordinated assembly and
function of the autophagic machinery and phosphor-
ylated the autophagic adaptor p62 (sequestosome 1)
on Ser-403, a residue essential for its role in autopha-
gic clearance. A key proinflammatory cytokine, IL-
1b, induced autophagy leading to autophagic killing
of mycobacteria in macrophages, and this IL-1b
activity was dependent on TBK-1. Thus, TBK-1 is a
key regulator of immunological autophagy and is
responsible for the maturation of autophagosomes
into lytic bactericidal organelles.
INTRODUCTION
Autophagy is a homeostatic process highly conserved in eukary-
otic cells where it acts as a cytoplasmic biomass quantity and
quality control system (Mizushima et al., 2011). Its functions
encompass programmed cell survival and cell death, normally
skewed toward cell survival through provision of energy and
nutrients and ridding the cytoplasm of toxic macromolecular
aggregates, faulty organelles (Mizushima et al., 2011), and in-
vading microorganisms (Deretic, 2012b; Levine et al., 2011).
The cell-autonomous antimicrobial defense functions of au-
tophagy, demonstrated initially in the case of streptococci (Na-
kagawa et al., 2004) andMycobacterium tuberculosis (Gutierrez
et al., 2004; Ponpuak et al., 2010), have been extended to a wide
variety of microbes with a caveat that most highly adapted path-ogens have evolved specific protective mechanisms against au-
tophagic elimination of microbes (Deretic and Levine, 2009).
Other studies have uncovered orderly intersections between au-
tophagy and innate and adaptive immunity, T cell development,
differentiation, and homeostasis, and inflammatory responses
(Deretic, 2012b; Levine et al., 2011). Autophagy suppresses
endogenous, cell-autonomous promoters of inflammation (De-
retic, 2012b; Levine et al., 2011). Specific autophagic factors,
such as Atg5-Atg12, have been shown to inhibit RIG-I receptor
signaling (Jounai et al., 2007), whereas Atg9 has been reported
to regulate negatively trafficking, assembly, and activation of
TBK-1 (TANK-binding kinase 1), which, among its key func-
tions, controls type I interferon response elicited by intracellular
double-stranded DNA (Saitoh et al., 2009). In the context of anti-
inflammatory function, autophagy plays an inhibitory role in in-
flammasome and IL-1b activation (Dupont et al., 2011; Nakahira
et al., 2011; Zhou et al., 2011). Finally, a number of genetic links
have been found in human populations between autophagy and
idiopathic inflammatory or infectious diseases such as tuber-
culosis with significant inflammatory components and tissue
damage (Deretic, 2012b; Levine et al., 2011).
Given the interconnectedness of autophagy and immunity, it
is likely that the immune manifestations of autophagy are
affected not only by the induction of autophagy but also by the
completion of the autophagic pathway. The formation of the
autophagic organelles of the sensu stricto autophagy pathway
(also referred to as macroautophagy) depends on multiple sour-
ces of membrane and regulatory factors (Mizushima et al., 2011).
The key stages of autophagy, however, are not restricted to
the formation of autophagosomal membranes and include the
sequestration of the earmarked cargo by the autophagic adap-
tors (Bjørkøy et al., 2005; Thurston et al., 2009; Wild et al.,
2011) and the less understood process of the maturation of
autophagic organelles into autolysosomes, where the captured
material is degraded (Korolchuk et al., 2011; Liang et al., 2008;
Matsunaga et al., 2009; Zhong et al., 2009).
Here, we approached the far less studied processes govern-
ing autophagic flux by a systematic screening of Rabs, the cen-
tral regulators of membrane trafficking and organellar identity
in eukaryotic cells (Stenmark, 2009). We showed that Rab8b
and its downstream effector TBK-1 played a key role in orches-
trating autophagic maturation and cell-autonomous defense
against mycobacteria. Furthermore, TBK-1 phosphorylated aImmunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc. 223
Figure 1. Analysis of Murine Rab Factors in
Cell-Autonomous Autophagic Elimination of
Mycobacteria and the Role of Rab8b
(A) Sixty-two Rab or Rab-like (RabL) factors
encoded by the Mus musculus genome were
knocked down by siRNA in RAW264.7 macro-
phages (details and identity of each bar in Table
S1), macrophages infected with M. tuberculosis
var. bovis BCG, autophagy induced by starvation
(Starv), and autophagic killing of BCG quantified
by colony forming unit (CFU) counting are shown.
Scr, scrambled (control) siRNA. Bars represent
BCG survival (relative to Scr siRNA) after induction
(4 hr) of autophagy by starvation.
(B–D) Effect of Rab8b knockdown on maturation
of BCG phagosomes into autophagolysosomes.
LTR, Lysotracker Red (acidotropic dye); CathD,
cathepsin D. Images show LTR (red fluorescence),
BCG (green fluorescence), and merged fields
(yellow, colocalization of LTR and BCG). Bar
graphs represent quantitative colocalization anal-
ysis of images (percentage of total green profiles
showing red fluoresecence).
(E and F) Validation (E, percentage of survival
measured and represented as in A; F, Rab8b
knockdown analysis by immunoblotting) of the role
for Rab8b in autophagic killing of BCG. BCG sur-
vival represents percentage of BCG CFU recov-
ered from RAW 264.7 macrophages pretreated
with siRNAs. si Scr, control scrambled siRNA; si
Rab8b, Rab8b siRNA; Full, full medium; Starve,
autophagy induced by starvation. Data represent
means ± SE (n R 3; yp R 0.05; *p < 0.05; **p <
0.01; ANOVA).
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TBK-1 Controls Autophagy against M. tuberculosiskey autophagy adaptor p62 (sequestosome 1) (Bjørkøy et al.,
2005), the foundingmember of a subfamily of pattern recognition
receptors (PRRs) termed sequestosome-like receptors (SLRs)
(Deretic, 2012a) at the Ser-403 residue essential for its auto-
phagic clearance function. Finally, we showed that the major
proinflammatory cytokine IL-1b induced autophagy that killed
intracellular Mycobacterium tuberculosis in a TBK-1 dependent
manner. Thus, whereas the autophagy initiation is controlled,224 Immunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc.as previously shown (Criollo et al., 2011),
by the canonical members of the IkB
family of kinases (IKK), autophagic matu-
ration is controlled by the IKK-related
kinase TBK-1.
RESULTS
Rab Screen for Autophagic Killing
of M. tuberculosis var. bovis BCG
Reveals a Role for Rab8b
We screened a library of siRNAs to all
murine Rabs and Rab-like factors (Fig-
ure 1A and Table S1 available online)
for effects on the previously character-
ized autophagic killing of Mycobacterium
tuberculosis and M. tuberculosis var.
bovisBCG (BCG) (Alonso et al., 2007; Gu-tierrez et al., 2004; Lam et al., 2012). The previously implicated
endocytic Rabs (e.g., Rab5) showed a role in accordance with
observations in other autophagy-dependent systems (Raviku-
mar et al., 2008). Additional Rabs displayed a range of effects
on autophagic killing of BCG, including those Rabs previously
implicated in autophagy, e.g., Rab7, Rab32, and Rab33b (Hirota
and Tanaka, 2009; Itoh et al., 2011; Ja¨ger et al., 2004), with
the notable exception of Rab24 (Olkkonen et al., 1993). Our
Figure 2. Role of TBK-1 in Autophagic
Maturation
(A) RAW 264.7 macrophages were pretreated with
siRNAs and infected with BCG, and autophagy
was induced by starvation (Starve). BCG survival
(% of control BCG CFU) was analyzed and repre-
sented as in Figure 1. Full, full medium (control
conditions); si Scr, scrambled siRNA (control
siRNA); si Tbk1, siRNA to TBK-1; Si Htt, siRNA to
huntingtin (Htt). Immunoblot analysis of TBK-1 and
Htt knockdowns is shown.
(B) Effect of TBK-1 inhibitor BX795 on acidification
of BCG-containing organelles after induction of
autophagy. RAW 264.7 macrophages were pre-
treated with 10 nM BX795, infected, and induced
for autophagy by starvation.
(C) Autophagic killing of BCG in RAW 264.7
macrophages pretreated with BX795. BCG
survival, % CFU recovered from RAW 264.7 cells.
(D and E) RAW 264.7 expressing RFP-GFP-LC3
and pretreated with scrambled or TBK-1 siRNAs
were untreated (Full) or induced (Starv) for au-
tophagy. Puncta; R+G+ (RFP+GFP+), early auto-
phagic organelles; R+G (RFP+GFP), late auto-
phagic organelles. Images show merged red and
green channels. The inset in (E) shows immunoblot
analysis of TBK-1 knockdown.
(F and G) Effects of TBK-1 on LC3-II levels
and degradation during autophagic maturation.
Tbk1/ and Tbk1+/+ MEFs were uninduced
and induced for autophagy and treated or not
treated with bafilomycin A1 (BafA1) to inhibit au-
tophagic degradation of LC3-II. Data represent
means ± SE (n R 3; yp R 0.05; *p < 0.05; **p <
0.01; ANOVA).
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TBK-1 Controls Autophagy against M. tuberculosispreliminary observations indicated that Rab8b and Rab34 (data
not shown) affected autophagic maturation. Here, we focused
on Rab8b. Rab8b knockdown caused a decrease in conversion
of BCG phagosomes to degradative compartments after induc-
tion of autophagy (Gutierrez et al., 2004; Ponpuak et al., 2010)
(Figures 1B–1D) and autophagic killing of mycobacteria (Fig-
ure 1E). In side-by-side comparisons, we observed only a trend
with Rab8a (Figure S1A), whereas Rab8b siRNA reproducibly
diminished autophagic killing of BCG in a statistically significant
fashion (Figure 1E). Thus, both Rab8a and Rab8b probably play
a role in autophagy but Rab8b had a dominant effect, at least
in our model system, measuring autophagic killing of mycobac-
teria. Rab8b furthermore influenced general markers of autoph-
agy in resting cells: a knockdown of Rab8b reduced the number
of LC3 puncta in a high-content imaging analysis of cells stably
expressing fluorescent protein fusion with LC3 (Figure S1B)
and impeded basal clearance of the autophagic adaptor p62
(Figure S1C).
TBK-1 Contributes to Autophagic Elimination of
Mycobacteria
Among the few known interacting partners of Rab8b is FIP-2
(also known as optineurin). FIP-2 in turn associates with the
wild-type (nonpathogenic) huntingtin (Htt) (Hattula and Pera¨nen,2000) and TBK-1 (Morton et al., 2008), a protein broadly con-
served within Coelomata. TBK-1 is a pivotal regulator of innate
immunity strategically positioned at the interface with cellular
prosurvival pathways (Ou et al., 2011). Htt and TBK-1 have
thus far been implicated in autophagy in several ways: Htt as
an autophagic degradation substrate (Sarkar et al., 2007) and
TBK-1 as being indirectly inhibited by intracellular trafficking
imposed by the autophagy factor Atg9 (Saitoh et al., 2009) or
playing a role in modifying an autophagic adaptor for Salmonella
(Wild et al., 2011). We hence considered a model whereby these
factors could play an active role in the regulation of the autopha-
gic pathway. We first tested whether the Rab8b phenotype
was exerted via Htt as a putative effector (known to functionally
affect peripheral myeloid cells in Huntington’s disease patients
[Bjo¨rkqvist et al., 2008]). However, an Htt knockdown in macro-
phages did not result in a statistically significant loss of autopha-
gic killing of BCG (Figure 2A). Thus, Htt was not critical for
autophagic elimination of mycobacteria. In contrast to Htt, a
knockdown of TBK-1 caused a deficit in autophagic killing of
BCG (Figure 2A), indicating that Rab8b effects on autophagy
and elimination of mycobacteria may be exerted via TBK-1.
This was confirmed with the TBK-1 inhibitor BX795 (Clark
et al., 2009). When macrophages were treated with BX795, this
abrogated starvation-induced BCG phagosome maturationImmunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc. 225
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TBK-1 Controls Autophagy against M. tuberculosis(Figure 2B) and autophagic killing of BCG (Figure 2C). Thus, of
the candidate effectors tested, TBK-1 was the one required for
BCG killing.
TBK-1 Is Necessary for Autophagosome Maturation
We next tested how TBK-1 affected autophagy and found that
TBK-1 knockdown did not affect formation of autophagosomes
but suppressed their maturation (autophagic flux) into autoly-
sosomes, as revealed by the tandem RFP-GFP-LC3 reporter
(Figures 2D and 2E), which identifies early autophagic organ-
elles as RFP+GFP+ and matured autolysosomal organelles as
RFP+GFP because GFP (but not RFP) fluorescence is sensitive
to lumenal acidification (Kimura et al., 2007; Pankiv et al., 2007).
A loss of TBK-1 reduced the number of RFP+GFP acidified au-
tophagic organelles and increased RFP+GFP+ puncta, consis-
tent with inhibition of autophagic maturation (Figures 2D and
2E). A positive role of TBK-1 in autophagosomal maturation
was confirmed by LC3 immunoblotting in Tbk1/MEFs (Figures
2F and 2G). MEFs lacking TBK-1 showed accumulation of LC3-II
(a marker of early autophagic organelles) under both basal (full
medium) and induced (starvation) conditions. The increase in
LC3-II in the absence of TBK-1 cannot be explained by dere-
pression of autophagy initiation given that the amounts of LC3-
II protected from degradation by bafilomycin A1 were slightly
lower in or equal to Tbk1/ cells (Figures 2F, 2G, and S2A). To
confirm that the phenotype was due to TBK-1 deficiency, we
inhibited TBK-1 with BX795 in wild-type (Tbk1+/+) MEFs and
tested effects of BX795 on starvation-induced autophagy. As
with genetically deficient Tbk1/ MEFs, pharmacological
inhibition of TBK-1 led to diminished autophagic maturation as
determined by LC3-II blotting (Figure S2B). BX795 did not affect
autophagy in Tbk1/ MEFs (Figure S2C). Although attempts
to complement the absence of TBK-1 in Tbk1/MEFs by trans-
fection with Tbk-1 expression constructs were hampered by
low transfection efficiency, overexpresion of Tbk1 transgene in
RAW264.7 cells caused alterations in LC3-II amounts, which
diminished more quickly with time in Tbk1 transgene-expressing
cells relative to untransfected cells (Figure S2D). TBK-1 was also
important for delivery of the lysosomal hydrolase cathepsin D
to autophagolysosomal compartments. These organelles were
purified from macrophages induced for autophagy by starvation
with magnetic beads as previously described (Ponpuak et al.,
2010) and probed for cathepsin D levels. A knockdown of
TBK-1 diminished cathepsin D delivery to one-third of normal
amounts (Figure S2D). This was specific for TBK-1 as a knock-
down of another Rab8b-optineurin interacting partner, Htt, did
not reduce cathepsin D delivery (Figure S2E). TBK-1 was also
needed for delivery of cathepsin D to conventional phagolyso-
somes (Figure S2F) mirroring the Rab8a-dependent delivery of
cathepsins from the TGN to the lysosomal compartments (del
Toro et al., 2009). Thus, TBK-1 is required for autophagosomal
maturation.
TBK-1 Associates with Rab8b and Colocalizes with
Rab8b on Autophagic Organelles
Wenext turned to themechanisms of how TBK-1 affects autoph-
agy. If Rab8b and TBK-1 cooperate in the control of the auto-
phagic pathway, we reasoned that they might associate. This
was examined first in coimmunoprecipitation experiments with226 Immunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc.GFP-Rab8b (Figure 3A). The interaction between Rab8b and
TBK-1 was tested further with an independent method, termed
proximity ligation in situ assay (P-LISA), designed to detect en-
dogenous protein-protein interactions in whole cells (So¨derberg
et al., 2006). When murine bone marrow macrophages (BMMs)
were tested by P-LISA for Rab8b-TBK-1 interactions, a positive
result was obtained (Figure 3B: antibody 1 to Rab8b + antibody
2 to TBK-1). When TBK-1 and NDP52 proteins were tested, they
were negative for direct interaction. This can be explained at the
very least by the existence of Nap and Sintbad proteins as inter-
vening adaptors linking TBK-1 with NDP52 (Thurston et al., 2009)
(Figure 3B: antibody 1 to TBK-1 + antibody 2 to NDP52).
When we examined intracellular localization of Rab8b and
TBK-1 relative to autophagic organelles, TBK-1 colocalized
with endogenous LC3 and Rab8b (Figures 3C and 3D). Although
Rab8b and LC3 colocalized on intracellular profiles, they were
negative for direct interactions by the P-LISA assay (Figure 3B:
antibody 1 to Rab8b + antibody 2 to LC3B). The autophagic
adaptor p62, demonstrated to be critical for autophagic killing
of M. tuberculosis (Ponpuak et al., 2010) also colocalized with
TBK-1 (Figures 3E and 3F). Figure S3 shows colocalization anal-
yses of TBK-1 and LC3 with Rab8b (Figure S3A) and with p62
(Figure S3B), under different conditions: basal, induced autoph-
agy, and presence or absence of bafilomycin A1. The colocaliza-
tion and a striking similarity in the overall intracellular organellar
distribution were enhanced in the presence of LC3- and p62-
sparing activity of bafilomycin A1 (Figures S3A and S3B). We
conclude that Rab8b and TBK-1 localize to autophagosomal
organelles in keeping with their role in regulating autophagic flux.
Assembly of Membranous Compartments Containing
Rab8b, TBK-1, and Autophagy Factors
When subcellular membranous compartments were separated
by isopycnic centrifugation in sucrose gradients, induction of au-
tophagy resulted in redistribution of multiple components en-
gaged in autophagy causing them to cofractionate with TBK-1
and Rab8b (Figures 4A and 4B). These were LC3-II, the auto-
phagic adaptor p62 (Bjørkøy et al., 2005; Johansen and Lamark,
2011), and UVRAG, a component of the Beclin 1-hVPS34
complex II specific for autophagosomal maturation into lytic
compartments (Liang et al., 2008). In keeping with its sucrose
gradient cofractionation with TBK-1 (Figures 4A and 4B), UVRAG
colocalized with TBK-1 as evident from Pearson’s colocalization
coefficient (Figures 4C and 4D). The autophagic adaptor p62
(Bjørkøy et al., 2005) colocalized with TBK-1 (Figures 4E and
4F), congruent with the biochemical analyses of intracellular
organelles (Figures 4A and 4B). Without bafilomycin A1, upon
induction of autophagy by starvation, p62-TBK-1 colocalization
was reduced (Figures 4E and 4F) in keeping with p62 being
consumed during autophagy. These findings indicate conver-
gence of Rab8b- and TBK-1-containing compartments with au-
tophagic machinery components.
TBK-1 Affects p62 Clearance
If TBK-1 is needed for autophagic maturation, we reasoned that
it might affect clearance of the autophagic adaptor p62, as it
has been reported to be a good marker of autophagic matura-
tion, matching or exceeding in performance LC3-based assays
(Larsen et al., 2010). Using antibody to endogenous p62, we
Figure 3. Rab8b and TBK-1 Interact and
Colocalize with Autophagic Organelles
(A) HEK293T cell extracts, transiently transfected
with control (EGFP), or GFP-Rab8b expression
constructs were immunoprecipitated with GFP
antibody; immunoblots of immune complexes
and inputs were probed with TBK-1 and GFP
antibodies.
(B) Proximity ligation in situ assay (P-LISA) for
protein-protein interactions inmurine primary bone
marrow macrophages (BMMs). BMMs were fixed
and incubated with primary antibodies against
two proteins tested (Ab1 and Ab2), and P-LISA
oligonucleotides were added. After nucleic acid
ligation, rolling circle amplification, and hybridiza-
tion with fluorescent oligonucleotides (and coun-
terstaining of nuclei with DAPI), red fluorescent
dots (see scheme for distance requirements
between probes for positive signal) were imaged
by confocal microscopy. Control, no primary anti-
bodies. TBK-1-Rab8b, antibody 1 (Ab1): anti-TBK-
1, antibody 2 (Ab2): anti-Rab8b. Rab8b-LC3, Ab1:
anti-Rab8b, Ab2: anti-LC3. TBK-1-NDP52, Ab1:
anti-TBK-1, Ab2: anti-NDP52. The graph repre-
sents quantitative analysis of P-LISA red-fluores-
cent dots (indicating close proximity of proteins
recognized by Ab1 and Ab2). Cells (%25 per
sample) with positive red fluorescing dots were
morphometrically analyzed and the mean number
of red fluorescing dots per cell quantified. Up to
10% of the cells in any given sample were positive
for red dots. Values represent means ± SD; *p <
0.05 (t test).
(C) Colocalization analysis of Rab8b and its
downstream effector TBK-1 with the basal auto-
phagic machinery factor LC3. Fluorescence
shows endogenous TBK-1 (red, Alexa568), Rab8B
(green, Alexa488), and LC3 (blue, Alexa633). Cells
(BMMs) were induced for autophagy by starvation
in the presence of bafilomycin A1 to inhibit autophagic maturation and degradation. Arrows indicate colocalization of Rab8b, TBK-1, and LC3.
(D) Representative line tracing of three fluorescence channels in images in (C).
(E) Analysis of TBK-1 localization relative to the autophagic adaptor sequestosome 1/p62 and LC3. Cells (BMMs), treatments, labels, and graphs are defined as
in (C) and (D). Arrows indicate colocalization of TBK-1, p62, and LC3. Cells (BMM) were induced for autophagy by starvation in the presence of bafilomycin A1 to
inhibit autophagic maturation.
(F) Representative line tracing of fluorescence channels in images in (D). Data are representative of R3 independent experiments.
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TBK-1 Controls Autophagy against M. tuberculosisemployed high-content quantitative imaging analysis and de-
tected significant increase in p62 puncta in BMMs treated with
TBK-1 inhibitor BX795 (Figures 5A–5C). Protein blot analysis
confirmed that p62 amounts increased when TBK-1 was in-
hibited (Figure 5D), in keeping with the high-content image anal-
ysis of p62. TBK-1 was also necessary to authorize p62 for
autophagic degradation, given that p62 accumulated in Tbk1/
cells; the surplus p62 seen in Tbk1/MEFs showed a laddering
pattern (Figure S4) neither previously reported nor observed here
in the presence of TBK-1. Furthermore, ubiquitinated proteins
accumulated in Tbk1/ cells revealed by pull-down assays in
cellular extracts with TUBE-2 (tandem ubiquitin binding entities
2), which recognizes polyubiquitinated proteins and protects
them from deubiquitinating enzymes and proteasome during
isolation (Hjerpe et al., 2009) (Figure 5E). Thus, p62 is not being
cleared by autophagy when TBK-1 is unavailable and accumu-
lates in the cell, TBK-1 is needed to enable the entry of p62
into autophagic degradative pathway, and several ubiquitinatedcargo do not enter degradative pathways in the absence of
TBK-1.
TBK-1 Phosphorylates p62 on Ser-403
Todeterminewhether TBK-1modified (e.g., phosphorylated) p62
in vivo and to examine the potential sites involved, we coex-
pressed GFP-p62D69A (mutant preventing oligomerization of
p62) and myc-TBK1 in HEK293 cells, immunoprecipitated GFP-
p62 from cellular extracts, and carried out mass spectrometry
analyses on the immunoprecipitated material. As a control, we
cotransfected GFP-p62D69A with myc-TBK-1K38D, a kinase
defective mutant. By manual inspection of the mass spectrom-
etry data, a peptide of 857.01 m/z (2568.03 Da) was detected in
GFP-p62D69A-expressing cells cotransfected with myc-TBK-
1, but not when GFP-p62D69A was coexpressed with the kinase
defective mutant myc-TBK-1K38D (Figure 5F). The 857.01 m/z
(2568.03 Da) peptide was selected for tandem mass spec-
trometry and identified as the LIESLSQMLpSMGFSDEGGWLTRImmunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc. 227
Figure 4. TBK-1 Cofractionates and Coloc-
alizes with Intracellular Membranous
Organelles Containing Autophagic Adap-
tors and Machinery
(A and B) Analysis by subcellular fractionation of
Rab8b, TBK-1, and components of autophagic
machinery (UVRAG, p62, LC3-II) in resting cells
(Full, full medium) or upon induction of autophagy
by starvation (Starve). Membranous organelles
from RAW 264.7 macrophages uninduced (A) or
induced (B) for autophagy were subjected to
subcellular fractionation by isopycnic sucrose
density gradient centrifugation, fractions were
collected, and proteins were analyzed by im-
munolotting. PNS, postnuclear supernatant. 1–4,
pooled fractions. Rectangle over fraction 9,
convergence in autophagic organelles (LC3-II)
of Rab8b, TBK-1, UVRAG (Beclin 1 interacting
protein specific for autophagosomal maturation),
and autophagic adaptor p62. Refractive indexes
below the lanes reflect sucrose density of each
fraction.
(C) Images show confocal microscopy analysis of
endogenous UVRAG (Alexa568) and endogenous
TBK-1 (Alexa488). BMMs, uninduced (Full), and
induced (Starvation) for autophagy, are shown.
Arrows indicate colocalization; insets show
enlarged areas.
(D) Pearson’s coefficient for TBK-1 and UVRAG
colocalization (Starv, starvation).
(E) Analysis of TBK-1 localization relative to
autophagic adaptor p62 in BMM. Endogenous
TBK-1 (Alexa568; red), p62 (Alexa488; green), and
merged images are shown. Line tracing represents
analysis of colocalization of TBK-1 (red tracing)
and p62 (green tracing).
(F) Pearson’s colocalization coefficients for TBK-
1-p62 (Starv, starvation). Data represent means ±
SE (n = 3, three independent experiments with at
least five images analyzed per experiment; yp R
0.05; **p < 0.01; ANOVA).
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TBK-1 Controls Autophagy against M. tuberculosisphosphopeptide from p62, where serine 403 in the UBA domain
of p62 is phosphorylated (Figures 5G and 5H). The unphosphory-
lated peptide with the mass 2488.1 was observed in both
samples. The Ser-403 site corresponds to the TBK-1 consensus
sequence SxxxpS. Thus, TBK-1 affects p62 phosphorylation of
the ubiquitin associated (UBA) domain, providing a specific link
between TBK-1 and autophagic adaptor posttranslational modi-
fications. Phosphorylation of Ser-403 strongly increases affinity
of theUBAdomain of p62 for K48 andK63-linked ubiquitin chains
and promotes autophagic clearance of p62 and polyubiquiti-
nated protein aggregates (Matsumoto et al., 2011). Using a phos-
phospecific antibody developed by Matsumoto et al. (2011), we
monitored phosphorylation of Ser-403 in vivo and in vitro (Figures
5I and 5J). TBK-1 phosphorylated Ser-403 of endogenous p62 in
HEK293 cells transfected with a myc-TBK-1 expression vector
(Figure 5I). This was not observed when HEK293 cells were
transfected with kinase defective TBK-1 or when mycTBK-1
expressing cells were treated with the TBK-1 inhibitor BX795
(Figure 5I). When purified proteins were examined in a phosphor-
ylation in vitro assay, TBK-1 directly phosphorylated p62 at the
Ser-403 site (Figure 5J). Thus, TBK-1 phosphorylates p62 at
Ser-403, a residue required for autophagic function of p62.228 Immunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc.IL-1b Induces Autophagy
In order to provide an immunologically relevant context in which
to test the role of TBK-1 in autophagy, we first examined whether
IL-1b could induce autophagy in macrophages and contribute to
control of M. tuberculosis; this has not been previously tested,
albeit IL-1b signaling is important in control of intracellular myco-
bacteria (Fremond et al., 2007; Mayer-Barber et al., 2011). When
RAW264.7 macrophages transiently expressing EGFP-LC3
were treated with mouse IL-1b, this induced LC3 puncta forma-
tion (Figure 6A). When RAW264.7 cells transiently expressing the
tandem RFP-GFP-LC3 probe were stimulated with IL-1b (Fig-
ure 6B), an increase in both early autophagosomal (RFP+GFP+)
and mature, acidified puncta (RFP+GFP) was detected, indi-
cating that IL-1b induces both autophagic initiation and matura-
tion resulting in progression through the autophagic pathway.
Induction of autophagy by IL-1b was confirmed by immunoblot
analysis of lipidated LC3-II levels in the presence of autophagic
maturation inhibitor bafilomycin A1, given that LC3-II levels
were increased in IL-1b-stimulated cells (Figure 6C). IL-1b
induced autophagy in primary cells, including murine BMMs
(Figure S5A) and human peripheral blood monocyte-derived
macrophages (MDMs) (Figure S5B). Induction of autophagy by
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of dominant negative MyD88 (Figure 6D) and by analyzing
BMMs from MyD88-deficient mice (Figure 6E). A progression
through the autophagic pathway was confirmed by detecting
proteolysis of long-lived proteins in macrophages stimulated
with IL-1b (Figure 6F). Thus, IL-1b induces autophagic pathway
in macrophages.
TBK-1 Is Required for IL-1b-Induced Autophagic
Elimination ofM. tuberculosis
We next used mycobacterial killing as a measure of autophagic
cell-autonomus defense output (Ponpuak et al., 2010). IL-1b
induced killing of M. tuberculosis H37Rv, whereas elimination
of the tubercle bacillus was reduced, showing a trend in cells
that were subjected to Atg7 knockdown (Figure 7A) and suggest-
ing that IL-1b-induced autophagy can eliminate intracellular
M. tuberculosis. We further tested the role of autophagy in IL-
1b-mediated killing of mycobacteria by using BMMs from mice
in which Atg7 was deleted in the myeloid lineage (Atg7fl/fl
LysM-Cre+) and compared them to their Atg7+ littermates
(Atg7fl/fl LysM-Cre). When Atg7+ BMMs were infected with
BCG and induced for autophagy by either IL-1b or starvation,
BCGwas eliminatedwith similar efficiency under both conditions
(Figure 7B). In BMMs lacking Atg7 (Atg7fl/fl LysM-Cre+), the
absence of this core autophagy factor abrogated autophagic
killing of BCG by either IL-1b or starvation (Figure 7B). Thus,
IL-1b-induced killing of intracellular mycobacteria was mediated
through autophagy.
Having established that IL-1b induces autophagy with its
physiological and cell-autonomous immunity outputs, we exam-
ined whether TBK-1 was important for these processes.
RAW264.7 macrophages infected with mycobacteria were stim-
ulated with IL-1b or by starvation in the presence or absence of
TBK-1 inhibitor BX795. Either starvation or IL-1b caused myco-
bacterial killing, whereas BX795 (Figure 7C) or TBK-1 siRNA (Fig-
ure 7D) reduced their autophagic elimination. As with starvation,
TBK-1 inhibition did not affect initiation of autophagy (Figures 7E
and 7F) but suppressed autophagic maturation (Figures 7G and
7H). In conclusion, TBK-1 is important for conversion of autopha-
gic organelles into mature and bactericidal organelles, for both
physiologically (starvation) and immunologically (IL-1b) induced
autophagy.
DISCUSSION
In this study, we have uncovered the role for TBK-1 in the matu-
ration of autophagic organelles and shown its immunological
significance in the context of cell-autonomous antimycobacterial
functions of autophagy. We have additionally established that
IL-1b induces autophagy in a MyD88-dependent fashion, that
autophagy in macrophages is an anti-M. tuberculosis effector
mechanism of IL-1b, and that TBK-1 is necessary for the com-
pletion of these defense processes against mycobacteria down-
stream of IL-1b.
TBK-1 is a member of the IKK family of kinases that are well
recognized as regulators of innate immunity (Perkins, 2007).
IKKs generally fall into two categories: canonical (IKK-a, IKK-b)
and IKK-related kinases (IKKε and TBK-1). The canonical IKKs,
IKKa and IKKb, have been recently implicated in the inductionof autophagy (Criollo et al., 2011). The findings that TBK-1
controls autophagy maturation extend the observations with
IKKa and IKKb, whereas together they align autophagy with
these classical regulators of innate immunity responses. The
role of TBK-1 in autophagy maturation suggests a sequential
action in autophagy of the canonical IKKs at the initiating stages
and TBK-1 at the completion end of the process.
Whereas much effort has been devoted to understanding the
initiation and elongation stages of autophagy (Mizushima et al.,
2011), the control of the flux and conversion of autophagic
organelles into degradative compartments is just as important
given that in most cases autophagy exerts its physiological
and immunological functions by degrading or processing the
captured intracellular material. TBK-1 enables the execution of
autophagosomal maturation and probably couples this stage
of autophagy with cargo capture. This is evidenced by the in vivo
dependence on TBK-1 of the phosphorylation of the key Ser-403
residue within the UBA domain of one of the principal autophagic
adaptors, p62/seqestosome 1. While our study was in revision,
phosphorylation of Ser-403 by CK2 was shown to increase
affinity of p62 UBA for polyubiquitin chains on its cargo (Matsu-
moto et al., 2011). Our findings are congruent with these obser-
vations and suggest that TBK-1 also targets and phosphorylates
directly the Ser-403 site, thus linking immunological and physio-
logical inputs with p62 UBA activation in vivo.
A recent study implicating TBK-1 via optineurin-sponsored
events in the autophagic control of Salmonella upon escape
into the cytosol (Wild et al., 2011) and our present work are in
keeping with the report (Radtke et al., 2007) uncovering the
role of TBK-1 in control of intracellular bacteria, in addition to
its well-appreciated role in antiviral defenses. O’Riordan and
colleagues (Radtke et al., 2007) have pointed to the role of
TBK-1 as keeping the cytosolic bacteria in check. These authors
suggested an antimicrobial mechanism that was characterized
as prevention of bacterial escape into or multiplication in the
cytosol. They also concluded that this mechanism was not
autophagy due to an apparent increase in LC3 puncta in
Tbk1/ cells. Given that TBK-1, as shown here, is primarily
involved in autophagosomal maturation, accumulation of LC3
in the absence of TBK-1 observed by O’Riordan and colleagues
(Radtke et al., 2007) remarkably fits our data showing that TBK-1
controls flux and progression through the autophagic pathway
(causing disappearance of the initially formed LC3 puncta via
degradation in autolysosomes), rather than its initiation (charac-
terized by appearance of LC3 puncta). Thus, all presently exist-
ing data are compatible with the role of TBK-1 in autophagic
maturation and its role as an antimicrobial mechanism that can
eliminate cytoplasmic bacteria.
The Rab screen performed here, which has led to the investi-
gations of TBK-1 downstream of Rab8b, relied on the cell-auton-
omous antimicrobial defense functionality that depended, as
previously defined (Ponpuak et al., 2010), on the execution of
the entire autophagic pathway. Of the two Rab8 GTPases, only
Rab8b showed statistically significant effect on autophagic
killing of BCG. TBK-1 and Rab8b were found in shared protein
complexes, and following induction of autophagy, TBK-1 and
Rab8b colocalized and cofractionated with autophagic organ-
elles. These relationships probably underlie the role of Rab8b
and TBK-1 in autophagic control. Optineurin interacts withImmunity 37, 223–234, August 24, 2012 ª2012 Elsevier Inc. 229
Figure 5. TBK-1 Controls p62 Phosphorylation and Affects Autophagic Clearance of p62 and Its Cargo Capture, Delivery, and Degradation
(A–C) High-content imaging analysis (using Cellomics high-content microscopy system) of p62 puncta (endogenous, revealed by imunofluorescence) in BMMs
with or without treatment with TBK-1 inhibitor BX795. (A) shows output from Cellomics high-content microscopy and analysis software comparing the number of
p62 puncta between TBK-1 inhibitor-treated (BX795) and control (DMSO) BMMs. Vertical axis denotes the mean number of p62 puncta per cell and horizontal
axis denotes the position of the well (B, BX795 series; C, control series) on the plate. Between 754 and 2395 cells were analyzed per well. (C) shows t test (data,
means ± se; **p < 0.01) from cumulative data treating only whole wells as independent samples (n = 4).
(D) Analysis of the effects of TBK-1 pharmacological inhibitor BX795 on p62 levels. Tbk-1+/+ MEFs were treated with BX795; bafilomycin A1 (BafA1) so that
autophagic degradation could be inhibited. Densitometric analyses of p62 levels normalized against actin levels were plotted (n = 2; error bars, range).
(E) Analysis of TBK-1 role in autophagic clearance of polyubiquitinated proteins. Cell lysates from Tbk1+/+ and Tbk1/ MEFs uninduced and induced for au-
tophagy by starvation were incubated with TUBE2 agarose beads and bound material was pulled down. Protein blots were probed for K63 poly-ubiquitin chains.
(F–H) Identification of TBK-1-dependent S403 phosphorylation of the UBA domain of p62. In vivo phosphorylation of p62 UBA domain after cotransfection of
GFP-p62D69A (D69Amutation prevents oligomerization with endogenous p62) and expression constructs of TBK-1 wild-type or kinase defective form is shown.
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Figure 6. IL-1b Induces Autophagy in
Macrophages
(A) RAW264.7 macrophages were transiently
transfected with EGFP-LC3, treated with 10 ng/ml
murine IL-1b for 2 hr, and assayed for LC3 puncta
formation by confocal microscopy (only puncta
R1 mm were scored as positive).
(B) RAW264.7 macrophages transfected with
mRFP-GFP-LC3 tandem probe and treated with
10 ng/ml IL-1b for 2 hr were scored for number
(per transfected cell) of RFP+GFP+ (R+G+; early
autophagosomes), RFP+GFP (R+G; autolyso-
somes), and total LC3 puncta.
(C) Immunoblot analysis of endogenous LC3
conversion to lipidated form (LC3-II) in RAW 264.7
cells upon treatment with 10 ng/ml IL-1b for 2 hr,
in the absence or presence of bafilomycin A1.
The graph shows the ratio of LC3-II to actin
intensity in immunoblots from bafilomycin A1-
treated samples.
(D) RAW264.7 murine macrophages were co-
transfected with tandem mRFP-GFP-LC3 probe
and expression constructs containing either wild-
type MyD88 (MyD88-WT) or a dominant-negative
mutant of MyD88 (MyD88-DN). After stimulation
with 10 ng/ml IL-1b for 2 hr, LC3 puncta were
quantified as in (B).
(E) Induction of autophagy in response to IL-1b is
abrogated in bone marrow-derived macrophages
(BMMs) from MyD88-deficient (Myd88/) mice,
measured by ratios of LC3-II band relative to actin
after treatments of BMMs and immunoblotting of
cellular extracts.
(F) Proteolysis of stable proteins (radiolabeled
by a pulse-chase protocol) upon stimulation of
RAW264.7 cells with 10 ng/ml IL-1b for 2 hr
(Full + IL-1b) relative to control (Full) or starvation-
induced autophagy (Starve). Data represent
means ± SE, except in (E) where data represent
means ± SD (n R 3; yp R 0.05; *p < 0.05; **p <
0.01; ANOVA).
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that optineurin physically or functionally links Rab8b and TBK-1.
Because optineruin binds Rab8a as well as Rab8b, it is further-
more unlikely that optineurin underlies the stronger Rab8b
engagement with autophagy maturation as detected here. Of
note, Rab8a does associate with a subset of LC3 compartments;
however, they specialize in the alternative secretory pathway of
inflammasome substrates such as IL-1b (Dupont et al., 2011).
TBK-1 turned out to be important in cell-autonomous defense
against mycobacteria upon macrophage activation by the in-Immunoprecipitated (GFP-p62) material was subjected to tandemmass spectrom
This ion was identified as the phosphorylated LIESLSQMLpSMGFSDEGGWLTR
showing the phosphopeptide of 857.01m/z observed in p62 phosphorylated by TB
kinase-defective K38D mutant of TBK-1. Spectra are taken from the same rete
spectra.
(I) HEK293 cells transfected with vector control; myc-TBK-1 or myc-TBK-1 K38D
immunoblotted with antibodies against phospho-p62 (S403), p62, myc, and acti
(J). MBP or MBP-tagged p62 proteins were expressed and affinity-purified fro
combinant MBP, MBP-p62, or MBP-p62 S403A with recombinant active TBK-1
analyzed by autoradiography (AR). CBB, Coomassie Brilliant Blue staining.flammatory cytokine IL-1b. We have shown in this study that
IL-1b induces autophagy in a MyD88-dependent fashion and
that one of the outputs of this proinflammatory cytokine is to
promote autophagic killing of M. tuberculosis. This is in keeping
with the reports that IL-1b, IL-1R, and MyD88 are important in
elimination of M. tuberculosis (Fremond et al., 2007; Mayer-
Barber et al., 2011). However, the relationships between auto-
phagy and IL-1 signaling are more complex and reciprocal.
Autophagy is necessary to keep down the endogenous sources
of inflammasome and IL-1b activation (Dupont et al., 2011;etry. A triply charged ion with the mass 857.01 was selected for fragmentation.
peptide (shown in panel H) from p62. (G) shows MS spectra from LC-MS,
K-1. The peptide was not observed whenGFP-p62was cotransfectedwith the
ntion time in both runs, confirmed by the unspecific peaks observed in both
were left untreated or were treated for 2 hr with 1 mMBX795. Cell extracts were
n. end. p62, endogenous p62.
m E. coli. TBK-1-mediated phosphorylation was assessed by incubating re-
in the presence of [g-32P] ATP for 10 min at 30C. The reaction products were
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Figure 7. Requirement for TBK-1 in IL-1b-Mediated Autophagic
Killing of Mycobacteria
(A) RAW264.7 macrophages were knocked down for Atg7 (by Atg7 siRNA
transfection 48 hr prior to infection), infected with M. tuberculosis H37Rv for
1 hr, washed, and then either left untreated or treated with 10 ng/ml re-
combinant murine IL-1b for 2 hr after which they were lysed and plated for CFU
determination. Survival was expressed relative to sample transfected with
control scrambled siRNA and not treated with IL-1b. Immunoblots show Atg7
knockdown and levels of Atg5-Atg12 complexes.
(B) BCG survival refers to the percentage of CFU ofM. tuberculosis var. bovis
BCG recovered from bone marrow macrophages derived from Atg7fl/fl LysM-
Cre and Atg7fl/fl LysM-Cre+ mice treated with 50 ng/ml IL-1b (16 hr
preinfection + 4 hr postinfection). Data represent means ± SE (n = 3, *p < 0.05;
t test).
(C) BCG survival refers to the percentage of CFU recovered from RAW264.7
macrophages treated with IL-1b with and without 10 nM BX795.
(D) BCG survival in infected RAW264.7 (and knocked down or not for TBK-1)
macrophages stimulated with IL-1b.
(E and F) RAW264.7 macrophages were incubated in full medium (Control) or
induced by adding IL-1b to full medium. Cells were pretreated with 10 nM
BX795 where indicated. Macrophages were treated with or without bafilo-
mycin A1 (BafA1) to inhibit autophagic degradation of LC3-II, and cellular
extracts were analyzed by immunoblotting. Graphs show densitometric
analyses of LC3-II levels normalized to actin levels (LC3-II/Actin).
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eliminating unkempt mitochondria that otherwise leak ROS or
mitochondrial DNA implicated as agonists that increase tonic in-
flammasome activation levels (Nakahira et al., 2011; Zhou et al.,
2011). Autophagy has also been implicated in acute extracellular
delivery of IL-1b and HMGB1 (Dupont et al., 2011), indicating
a possible role for autophagy-based unconventional secretion
in amplifying autocrine and paracrine signals of the alarmins
IL-1b and HMGB-1. Thus, autophagy and IL-1b have intimate
relationship, resulting in context-dependent positive and nega-
tive feedback loops. Whether TBK-1 primarily plays a role in
promoting autophagic flux during IL-1b- and starvation-induced
autophagy that has been uncovered in the present study and/or
throttles autophagy-based positive and negative interactions
with inflammasome and its clients, including IL-1b, remains to
be determined.
EXPERIMENTAL PROCEDURES
Cells and siRNA Knockdowns
For autophagy effects, cells (RAW264.7, BMM, MDM, HeLa, MEF) were unin-
duced (in full medium) or induced for autophagy by starvation with EBSS for
90 min for autophagic assays whereas 4 hr of induction was used in bacterial
killing experiments (parallel controls with Beclin 1 or Atg7 knockdowns
were used to ascertain autophagy authenticity). Rabs and Rab-like factors
knockdowns details are given in Table S1. Sources of RAW264.7, HeLa,
MEFs, and Atg7fl/fl LysM-Cre+ BMMs are described in the Supplemental
Experimental Procedures. All experiments have been carried out in accor-
dance with approved IRB (Institutional Review Board for human subjects)
and IACUC (Institutional Animal Care and Use Committee for vertebrate
animals) protocols.
Subcellular Fractionation and Stable Protein Turnover
Subcellular compartments were separated by isopycnic density equilibrium
centrifugation in sucrose gradients. Cells were homogenized in 250 mM
sucrose, 20 mMHEPES-NaOH and 0.5 mM EGTA (pH 7.5) (SHE). The postnu-
clear supernatant was layered on top of a preformed sucrose gradient consist-
ing of 60%, 50%, 40%, 35%, 30%, 25%, 20%, and 15% sucrose from top
to bottom. The sample was centrifuged at 100,000 g in a Beckman SW 40 rotor
at 4C for 18 hr. Equivalent density fractions (verified for refractive index
match) were analyzed with antibodies to UVRAG (MBL), TBK-1 (AbCam),
LC3 (Sigma), p62 (Promega), andRab8b (custommade); stainingwas revealed
with Super Signal West Dura chemiluminescent substrate (Pierce). Long-lived
protein turnover was measured as described previously (Roberts and Deretic,
2008).
Phosphorylation Analysis of p62
HEK293 cells were transfected by use of Metafectene Pro (Biontex) with
GFP-p62 D69A (a mutant in the PB1 domain, to prevent oligomerization) and
myc-TBK-1 or, as a control, with TBK-1 kinase defective mutant myc-TBK-1
K38D. Immunoprecipitation of GFP-p62 D69A from cell extracts (prepared
from two 10 cm plates) with a custom-made GFP antibody was performed
as described previously (Lamark et al., 2003). After SDS PAGE, gel bands
containing GFP-p62(D69A) were excised and subjected to in-gel reduction,
alkylation, and tryptic digestion with 2–10 ng/ml trypsin (V511A; Promega)
(Shevchenko et al., 1996). Peptide mixtures containing 0.1% formic acid
were loaded onto a nanoACQUITY UltraPerformance LC (Waters), containing
a 5 mm Symmetry C18 Trap column (180 mm 3 20 mm; Waters) in front of
a 1.7 mmBEH130 C18 analytical column (100 mm3 100mm;Waters). Peptides
were separated with a gradient of 5%–95% acetonitrile and 0.1% formic acid,(G and H) Cells, treatments, and analysis as in (E) and (F) but in the absence of
bafilomycin A1. Data represent means ± SE (n = 3; yp R 0.05; **p < 0.01;
ANOVA).
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mass/Waters). Each sample was run in ms and data-dependent tandem ms
mode. Peak lists were generated from MS/MS by the ProteinLynx Global
server software (version 2.2; Waters). The resulting pkl files were searched
against the Swiss-Prot 57.15 protein sequence databases with an in-house
Mascot server (Matrix Sciences). Peptide mass tolerances used in the search
were 100 ppm, and fragment mass tolerance was 0.1 Da. Mascot analysis
confirmed that the sample contained p62. The Mascot analysis also con-
firmed that p62 was phosphorylated on Serine 403 after cotransfection with
myc-TBK-1. For in vitro kinase assays, recombinant maltose binding protein
(MBP) and MBP-p62 proteins were purified from E. coli. Recombinant TBK-
1 (50 ng; Millipore) was incubated with recombinant MBP, MBP-p62, or
MBP-p62 S403A in the presence of 10 mM ATP and 5 mCi [g-32P] ATP with
kinase buffer (40 mM Tris-HCl [pH 7.5], 10 mMMgCl2, and 1 mM DTT supple-
mented with Calbiochem phosphatase inhibitor cocktail set II) at 30C. The
reaction was terminated by boiling in SDS sample buffer after 10min. Samples
were separated by SDS-PAGE; the gels were stained with Coomassie brilliant
blue, dried, and analyzed by autoradiography. Anti-phospho-S403 p62 anti-
body (Matsumoto et al., 2011) was from N. Nukina.
TUBE2 Pull-down
Tandem ubiquitin binding entities (TUBE) in the form of TUBE2-agarose beads
(Lifesensors) were used as described (Hjerpe et al., 2009) to pull down polyu-
biquitinated proteins from cell lysates preclearedwith agarose beads for 1 hr at
4C and incubated with 20 ml of pre-equilibrated TUBE2-agarose beads in
20 mM Tris (pH 8.0), 0.15 M NaCl, and 0.1% Tween-20 (TBS-T) with nutation
overnight at 4C. Agarose beads were washed three times with TBS-T, eluted
with 25 ml 2X Laemmeli buffer, and subjected to SDS PAGE and immunoblot
analysis.
High-Content Quantitative Microscopy
For quantitative autophagic puncta analyses, HeLa cells stably expressing
fluorescent protein mRFP-GFP-LC3 were employed. Cellomics Array Scan
(Thermo Scientific) was used for acquiring images by computer-driven collec-
tion of 49 valid fields per well with cells in 96 well plates detecting GFP fluores-
cent puncta (for LC3) or endogenous p62 puncta revealed by fluorescent
antibody staining, and data were morphometrically and statistically analyzed
with puncta-counting application within the iDev software (Thermo Scientific).
Mycobacterial Survival, Phagosome, and Phagolysosome
Purification
Microbiological analyses of bacterial viability were carried out as previously
described (Ponpuak et al., 2010). RAW 264.7 cells were used for isolating
phagosomes or magnetic bead autophagolysosomes (Ponpuak et al., 2010)
as previousy described.
Confocal Microscopy and Proximity Ligation In Situ Assay
Images were collected with a Zeiss LSM 510 Meta confocal microscope (laser
wavelength, 488 nm, 543 nm, and 633 nm). Antibodies against endogenous
proteins TBK-1 (AbCam), Rab8b (AbCam & custom made), p62 (AbCam),
NDP52 (Millipore), LC3 (Sigma), and UVRAG (MBL) were used for indirect
immunofluorescence analysis. Procedures used for proximity ligation in situ
assay (P-LISA) (So¨derberg et al., 2006) were in strict accordance with the
manufacturer’s instructions (Olink Bioscience, Uppsala, Sweden). Details on
P-LISA principles and procedures and other methods are given in the Supple-
mental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.immuni.2012.04.015.
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